Phosphorus deficiency reduces forage yield and stand persistence of alfalfa (Medicago sativa L.). Our objectives were to isolate and characterize a high-affinity phosphate-transporter (P-transporter) from alfalfa roots (Medicago sativa L.); determine how phosphorus (P) nutrition impacts P-uptake, growth, and carbohydrate and protein metabolism of alfalfa cells; and learn how expression of the P-transporter is influenced by P nutrition. An 1087-base pair (bp) sequence was isolated using RT-PCR that possessed high nucleotide and amino acid sequence similarity to high-affinity P-transporters. Cultured cells were sampled at 3-day intervals for 9 days while growing in media containing P concentrations ranging from 0 to 10 mM. Media P concentrations declined rapidly in all P treatments by day 6. Low media P concentrations (0, 0.1 and 0.5 mM) reduced cell growth rates compared to higher media P levels (2.5, 5 and 10 mM). Suspension cell cultures supplied 0.5, 2.5, 5, and 10 mM P had lower starch concentrations by day 3 compared to cells cultured in media containing 0 and 0.1 mM P. Steady-state transcript levels for the high-affinity P-transporter were high in P-deprived cells, but declined within 1 day when cells were provided 10 mM P.
Introduction
Alfalfa (Medicago sativa L.) is an important legume used for forage world-wide. Stresses such as low phosphorous (P) availability reduce yield and persistence of this perennial plant (Berg et al., 2005) . In response to P deficiency plants have developed many adaptive mechanisms to increase P uptake, including synthesis of high-affinity phosphatetransporters (P-transporters) in plasma membranes (Bieleski and Lauchli, 1992; Muchhal and Raghothama, 1999; Raghothama, 1999) . This transporter is driven by an energy-dependent proton/phosphate symport system, utilizing the proton motive force at the plasma membrane to translocate P into the roots of plants and cultured cells (Lefebvre et al., 1990; Sakano, 1995) . Nine genes for high-affinity P-transporters have been identified in Arabidopsis. Most of the cloned P-transporters are expressed preferentially in roots under P starvation (Karthikeyan et al., 2002) . Furthermore, the transcriptional activation of high-affinity P-transporters increased rapidly during P deficiency (Muchhal and Raghothama, 1999) . These transporters include: MtPT1 and MtPT2 from Medicago truncatula (Liu et al., 1998a) ; LePT1 and LePT2 from tomato (Lycopersicon esculentum) (Liu et al., 1998b) ; AtPT1 and AtPT2 from Arabidopsis thaliana (Muchhal et al., 1996) ; StPT1 and StPT2 from potato (Solanum tuberosum) (Leggewie et al., 1997) ; CrPT from Madagascar periwinkle (Catharanthus roseus) (Kai et al., 1997) ; HVTP1, HVTP2 and HVTP3 from barley (Hordeum vulgare) (Smith et al., 1999) ; and OsPT11 from rice (Oryza sativa) (Paszkowski et al., 2002) . Several studies revealed that these transporters are coded by genes expressed only in roots (Kai et al., 1997; Leggewie et al., 1997; Liu et al., 1998a) . In contrast, LePT1, StPT1 and CrPT are expressed in other plant organs including leaves, stems, tubers, and flowers. Using in situ hybridization, Daram et al. (1998) reported that LePT1 mRNA in tomato was localized to rhizodermal cells, including root hairs, root cap cells and neighboring cortical cells. The AtPT1 gene is strongly expressed in epidermal and endodermal layers (Karthikeyan et al., 2002) . By comparison, the AtPT2 transcript was present along the entire root length. Newly emerging secondary roots had higher levels of AtPT1 and AtPT2 than did root hairs.
Phosphate nutrition interacts with carbohydrate supply and influences carbohydrate partitioning in plants (Peavey et al., 1977; Rao et al., 1990) , including alfalfa (Li et al., 1998) . The availability of P also impacts protein accumulation and utilization in leaves (Rufty et al., 1993) and roots (Li et al., 1998) . However, P interacts with soil constituents, especially Fe and Al, making it difficult to know the precise P concentration present in soil solution. Cell suspension culture permits careful control and assessment of P availability, and how this impacts cell carbohydrate and protein metabolism. Our hypothesis is that P-deficiency will reduce cell growth rates, increase P-transporter expression, and alter the carbohydrate and protein metabolism of cultured alfalfa cells in ways that impact their growth and/or survival. Our objectives were to:
(1) isolate and characterize a high-affinity Ptransporter from alfalfa roots; (2) determine how P nutrition impacts P-uptake, growth, and carbohydrate and protein metabolism of alfalfa cells; and (3) learn how expression of the P-transporter is influenced by P nutrition.
Materials and methods

Isolation of alfalfa phosphate transporter ðMsPT1Þ genomic clone
To isolate the gene encoding the high-affinity P-transporter from alfalfa genomic DNA, a genomic library was built using the Universal GenomeWalker Kit (Clontech, Cat. # K1807-1). The library was built according to the protocol included in the kit. Alfalfa genomic DNA was isolated from leaves of greenhouse-grown plants (Pioneer Brand '5454') using a protocol described by Dellaporta et al. (1983) , digested with restriction enzymes, ligated to adaptors, and used in the PCR amplification procedures according to protocols provided with the kit. The primers used in the PCR amplification were designed to match highly conserved DNA regions of high-affinity P-transporters from 12 different plant species reported in GenBank (www.ncbi.nlm.nih.-gov) (supplementary data on the website). Amplified fragments were identified by gel electrophoresis in a 0.5% agarose/TAE gel using 10 mg ml )1 ethidium bromide. Bands were cut from the gel, and DNA was purified using the Supelco-GenElute Agarose Spin Column Kit (Cat. #: 5-6500) according to the manufacturer's directions. Fifteen microliters of the purified column extract was incubated for 30 min at 70°C in a solution containing 2 ll 10X PCR buffer (containing Mg), 1 ll Taq, and 0.4 ll dATP in order to add adenines to fragment ends and facilitate cloning. These fragments were ligated into pGEM-T Easy Vector System (Promega; Cat. # A1380), and cloned in JM 109 competent E. coli cells according to the protocols provided. The DNA was sequenced, and the sequence data analyzed using DNAMAN. The alfalfa P-transporter clone was identified based on nucleotide and amino acid sequence similarity to P-transporters from Medicago truncatula (supplementary data on the website).
Plant material and cell culture
Two experiments, each using suspension cells derived from Pioneer Brand '5454' alfalfa, were conducted to determine how P availability influences growth, P-transporter transcript abundance, and physiology of cultured alfalfa cells. Seeds were surface-sterilized by immersion in 20% (v/v) Clorox Ò for 10 min followed by three washes with sterile water. Seeds were germinated on sterile Whatman #1 filter paper bridges in 25 ml sterile test tubes containing 5 ml sterile water. Seedlings were grown at 25°C under a 16-h photoperiod of fluorescent light (25 lmol m 2,4-D D was used for induction of suspension cultures (Gamborg et al., 1968) . The B5g was modified by using different molar concentrations of P: in experiment 1, cells were transferred to modified B5g containing 0, 0.1, 0.5, 2.5, 5.0, or 10.0 mM P as KH 2 PO 4 ; in experiment 2, cells were grown in B5g containing 0, 0.25, 5.0, or 10.0 mM KH 2 PO 4 . In both experiments, K 2 SO 4 was added in order to maintain constant media K concentrations. Explants from 7-day-old seedlings (roots, approximately 5-mm-long) were placed on MS media, sealed with parafilm, and incubated at 27°C in the dark. Each Petri dish contained explants from an individual seedling. Eight-week-old primary callus tissue was used to establish suspension cultures in 125-ml Erlenmeyer flasks containing 25 ml B5g (Gamborg et al., 1968 ) medium, and agitated at 125 rpm on a gyratory shaker. Cell suspensions were maintained in exponential growth by subculturing 2 ml of settled cell aggregates into 25 ml fresh medium every 9 to 11 days.
Cell harvesting and analysis
Cells were filtered through a Buchner funnel lined with Whatman #1 filter paper. Cells were rinsed three times with deionized water, frozen with liquid N 2 and lyophilized. The dried samples were weighed, and the dry weight used as an indicator of growth. Dried cell samples were ground with a mortar and pestle and stored at )20°C for biochemical analyses. In Experiment 2, a portion of the washed cells was immediately frozen in liquid N 2 for RNA analysis (see details below).
Biochemical analyses
Sugars were extracted by shaking ground, freeze-dried cells (30 mg) in 1 ml 800 ml l )1 ethanol and analyzed using anthrone as previously described (Koehler, 1952; Cunningham and Volenec, 1998 ) using glucose as a standard. The ethanol-extracted residue was dried at 55°C, re-suspended in 500 ll deionized water, and placed in a boiling water bath for 10 min to gelatinize the starch. Starch was hydrolyzed enzymatically and glucose analyzed as described previously . All protein analysis procedures were conducted at temperatures between 0 and 4°C. Soluble proteins were extracted from ground, freeze-dried cells (30 mg) using 1.5 ml 100 mM imidazole buffer (pH 6.5) containing 10 mM 2-mercaptoethanol as described . The resulting supernatant was analyzed for soluble protein (Bradford, 1976 ) using bovine serum albumin as a standard. Amino acids were extracted by suspending 30 mg of freeze-dried tissue in 1 ml 100 mM sodium phosphate buffer (pH 6.8) containing 1 mM phenylmethylsulfonylfluoride and 10 mM 2-mercaptoethanol. Colorimetric analysis of amino acids in the supernatant was performed with ninhydrin (Rosen, 1957 ) using glycine as a standard.
Tissue P analysis
Freeze-dried tissues (15-20 mg) were digested in 5 ml 18 M HNO 3 in 50 ml digestion tubes using the procedure of Nelson and Sommers (1973) . Volumes were adjusted to 35 ml with double deionized water and samples mixed. Total P was determined colorimetrically using the methods of Chen et al. (1956) .
RNA extraction and northern analysis
These analyses were conducted using suspension cells from Experiment 2. Total RNA was isolated from 2 g (fresh weight) of cell suspension tissues ground with mortar and pestle in liquid N 2 using hot phenol method (Gana et al., 1998) . Total RNA (20 lg) was separated on 1.5% agarose, 6% (v/v) formaldehyde gels (Lehrach et al., 1977) . The RNA was transferred to Zeta-probe membranes after electrophoresis (BioRad, Richmond, CA). Membranes were pre-hybridized in 0.12 M Na 2 HPO 4 (pH 7.2), 7% SDS, 50% (v/v) formamide, 0.25 M NaCl, 1 M EDTA for 4 h at 42°C with slow shaking. The insert from the isolated MsPT1 was 32 P-labeled using the random primer method (Feinberg and Vogelstein, 1983) . Hybridization and washing of membranes were done as described by Gana et al. (1998) . Membranes were exposed to X-ray film at )80°C.
Statistical analysis
Both studies were designed as randomized complete-block experiments with three replications. To provide sufficient cell mass for analysis; four flasks in Experiment 1 and six flasks in Experiment 2 were combined to form each replicate-treatment combination. Variation was partitioned into P treatment, day, and replicate main effects, and the P · day interaction. Where F-tests were significant (p 0.05), differences among the treatment means were determined by calculating the least significant difference (LSD, p 0.05) (Snedecor and Cochran, 1980) . All statistical analyses were carried out using SAS (SAS Institute, 1999) .
Results and discussion
Identification and characterization of an alfalfa cDNA homologous to high-affinity P-transporter ðMsPT1Þ
The goal of this research was to isolate and characterize a high-affinity P-transporter from alfalfa and use it to determine how P nutrition impacts cell growth and physiology, P-uptake, and P-transporter transcript levels. A 1087-bp alfalfa clone (MsPT1) was isolated that possessed high nucleotide sequence similarity to high-affinity P-transporters reported for other species including Medicago truncatula (supplementary data on the website). The MsPT1 clone shared 95 and 96% nucleotide sequence identity with the high-affinity P-transporters MtPT1 and MtPT2, respectively, from M. truncatula. The predicted amino acid sequence for MsPT1 possesses high similarity to MtPT1 (96%) and MtPT2 (98%) P-transporters from Medicago truncatula (supplementary data on the website). The sequence for MsPT1 has been deposited in GenBank as Accession AY366351 (http://www.ncbi.nlm.nih.gov/).
Cell growth
Dry weight accumulation was used as an indicator of cell growth. The P and day main effects and the P · day interaction were significant in Experiment 1. Averaged over days, the 2.5, 5 and 10 mM P treatments had increased dry weight when compared to the 0, 0.1 and 0.5 mM P treatments (Figure 1 ). The interaction was significant because cell dry weights were similar among all treatments on days 0 and 3, but increased significantly by day 6 for cells provided 2.5 mM or more P. In addition, alfalfa cells provided 10 mM P had greater mass on day 6 when compared to cells provided 2.5 and 5 mM P, but by day 9 cell mass of the 5 and 10 mM P treatments were similar.
The positive impact of P on cell growth that we observed in this study with alfalfa has been observed with plants and/or cells of other species including Azolla (Bieleski and Lauchli, 1992) , opium poppy (Papaver somniferum) (Curtis et al., 1991) , and tomato (Lycopersicon esculentum) (Biddinger et al., 1998) . Growth of alfalfa cells was greatest when provided 10 mM P. In other species, a minimum cellular P concentration below which cells are P-limited has been reported. Cell growth rates in culture can be limited by P when provided at the 'standard' media concentration of 1.25 mM (Curtis et al., 1991; Elliot et al., 1993; Murashige and Skoog, 1962) . Critical P concentrations of 40 to 90 lmol g )1 cells have been reported for Papaver somniferum (Curtis et al., 1991) , Daucus carota (Dougall and Weyrauch, 1980) , and Acer pseudoplatanus (Rebielle et al., 1982) .
Sugar and starch concentrations
We assayed media sugar concentrations to determine if media sugar limited cell growth at high media P concentrations. The P and day main effects and P · day interaction were significant for media sugar concentration (Figure 2a) . On days 0 and 3 after transfer there was no impact of P treatment on media sugar concentration. On day 6 media sugar concentrations declined significantly in the 2.5 to 10 mM P treatments, and by Day 9, the 5 and 10 mM P treatments were essentially devoid of media sugar, while a significant decrease in media sugar concentration was evident in the other P treatments. The P and day main effects and P · day interaction also were significant for cell sugar concentration. Sugar concentration of cells was initially 12 lg mg )1 or greater on day 0, and for reasons that are not clear, lower in cells provided 0.5 mM P. Cell sugar concentrations declined markedly by day 3 irrespective of media P concentration (Figure 2) . Sugar concentrations of cells provided 0, 0.1, and 0.5 mM P were significantly lower than the other P treatments on day 6 despite having high media sugar concentrations (Figure 2) . On day 9 cell sugar concentrations of the 0.5 and 2.5 mM P treatments were higher than the other P treatments. The low sugar concentration of cells growing in 5 and 10 mM P was associated with sugar depletion of the media by day 9, whereas the low cell sugar concentrations observed in the 0 and 0.5 mM P treatments resulted from reduced sugar uptake from a sugar-rich media by these P-deprived cells. Adequate media P was essential for rapid uptake and metabolism of sugar from the media and use of intracellular starch pools. Although there are no published reports describing the impact of media P concentration on media sugar concentrations, previous research has shown a relationship between P availability and carbohydrate accumulation in plant organs. Fredeen et al. (1989) found that soybean roots supplied 200 lM P contained lower sucrose concentrations than did roots of plants supplied 10 lM P. The net CO 2 assimilation of plants also is influenced by P availability, and this may indirectly impact tissue sugar concentrations. Biddinger et al. (1998) found that plants provided 250 lM P had a CO 2 assimilation rate that was nearly 2.5 times greater than that of plants receiving 0 lM P.
The P and day main effects and P · day interaction for cell starch concentration were significant. Cell starch concentrations were high on Day 0 irrespective of media P concentration (Figure 2) . Thereafter, increasing media P concentration generally decreased cell starch concentrations. Suspension cell cultures supplied 0.5, 2.5, 5.0, and 10.0 mM P had lower starch concentrations on day 3 when compared to cells cultured in media containing 0 and 0.1 mM P. Although starch concentrations did not decline on day 6 in cells provided 2.5 to 10 mM P, starch concentrations were lower on day 6 in cells cultured in media containing 0.1 and 0.5 mM P. By day 9, starch concentrations of cells provided 0, 5, and 10 mM P declined over day 6 starch concentrations for these P treatments. Previous research has shown a close association between Cell Sugar, µg/mg dry wt. Figure 2. Changes in concentrations of sugar in the media, and cell sugar and starch in response to media P concentrations. Cells were grown in B5g media supplemented with 0, 0.1, 0.5, 2.5, 5.0 and 10.0 mM P for 0, 3, 6 and 9 days. Data are means of three replicates. The least significant difference (LSD) is provided at 5% level of probability (Experiment 1).
tissue starch depletion and tissue P concentrations. Qui and Israel (1992) reported that starch concentrations in leaves of P-deficient soybean (Glycine max) were consistently higher than those of plants receiving sufficient P.
Cell amino acid and protein concentrations
The P and day main effects and P · day interaction were significant for cell amino acid concentrations ( Figure 3a) . As expected, cell amino acid concentrations were similar on day 0. On day 3, amino acid concentrations were greater in cells grown in media containing 0.1 and 0.5 mM P when compared to cells provided 2.5 and 5 mM P. However, at day 6, there was a significant decrease only in the 0.1 and 0.5 mM P treatments from 0.16 and 0.13 lM mg )1 to 0.07 and 0.04 lM mg )1 , respectively. At Day 9, amino acid concentrations were highest in cells provided 0, 0.1 and 0.5 mM P, extremely low in cells provided 10 mM P, with the other P treatments intermediate.
Phosphorus deficiency has been found to alter amino acid accumulation in plant tissues and cells. In a manner similar to P-starved alfalfa cells on day 9 (Figure 3a) , Duff et al. (1989) reported that concentrations of free amino acids increased six fold in P-starved Brassica nigra suspension cells. Ukaji and Ashihara (1986) observed similar results in P-deficient suspension cells of (Catharanthus roseus). Rufty et al. (1993) observed increased amino acid concentrations in roots of P-deficient soybean and tobacco (Nicotiana tabacum L.). With 10 mM P, amino acid concentration of alfalfa cells declined to very low levels on day 9. This coincided with cells entering a stationary phase of growth between days 6 and 9 (Figure 1 ) and the depletion of media sugar (Figure 2 ). Additional work is necessary to determine if amino acids were used as an energy source to support cell metabolism in this P-rich but carbon-limited media.
The P and day main effects and P · day interaction for cell protein concentration were significant. Cell protein concentrations were generally similar when cells were transferred to media containing the contrasting P concentrations on day 0 (Figure 3b) . Media P concentrations of 2.5 mM or greater resulted in higher protein concentrations on day 3 as compared with day 0. In addition, protein concentrations increased significantly between days 0 and 3 in cells cultured in media containing 0 mM P. Between days 3 and 6, protein concentrations of cells cultured in 0.5 mM P nearly doubled, while little change in cell protein concentration over this time interval for the other P treatments. By day 9, protein concentrations of cells cultured in 10 mM P were significantly lower than cells provided lower media P concentrations. These same cells had extremely low amino acid concentrations ( Figure 3a) ; a situation that could result from use of proteins and amino acids as a carbon source given the very low media sugar concentrations for this treatment (Figure 2a ) and the likelihood of high demand for carbon as a source of energy. In contrast, protein concentration of cells provided 0 mM P were significantly higher than that of cells grown in P-containing media.
Phosphorus availability can impact protein accumulation in plants and cultured cells. Consistent with our observations of days 3 and 6, Duff et al. (1989) reported that P starvation of Brassica nigra suspension cells decreased soluble protein concentrations 1.5-fold. By day 9, protein concentrations of alfalfa cells grown in 10 mM P had low protein concentrations (Figure 3b ) that were positively associated depletion of amino acids from these cells grown in P-rich, but carbon-limited conditions. Taproots of P-deficient alfalfa had reduced protein concentrations, leading Li et al. (1998) to speculate that low N 2 fixation could limit N assimilation and root protein synthesis when P is limiting.
Media and tissue P concentrations
The P and day main effects and P · day interaction were significant for media P and cell P concentrations. On Day 0, there was an expected significant difference in media P concentration that was due to the P treatments that were imposed on that day (Figure 4a ). By Day 3, P concentration of media in flasks initially provided 2.5, 5 and 10 mM P declined significantly to 0.4, 1.6, 5.5 mM P, respectively. Media P concentration declined to near 0 mM in all P treatments by day 6. Surprisingly, media P concentration increased in 0, 0.1 and 0.5 mM P treatments at day 9, apparently as cells in these treatments excreted P. Media P concentration of cells grown in 10 mM P continued to decline between days 6 and 9. No significant difference in cell P concentration was observed on day 0 (Figure 4b ). This would be expected since cells were sampled immediately after transfer to their respective P treatments and did not have sufficient time to acquire P from the media. Cell P concentrations did not differ significantly among P treatments on day 3, but cells growing in media containing 10 mM P had higher P concentrations on days 6 and 9 when compared to cells grown in media containing 0.5 mM P or less. The minor changes in cell P concentration would be expected if increases in media P stimulated cell growth, which, in turn, would dilute cell P concentrations. In both shoots and roots of aeroponically grown tomato, P concentration increased significantly in response to increased media P in the nutrient solution (Biddinger et al., 1998) . However, it is clear from this study that cell (tissue) P concentration alone does not adequately reflect changes in media P availability or P uptake rate and flux (Figure 4) .
To understand the impact of media P on P uptake, we calculated P acquisition by cells (cell mass · cell P concentration) over time (Figure 4c ). The P and day main effects and the P · Day interaction were significant for cell P uptake. On days 0 and 3 there were no significant effects of media P concentration or cell P mass. By day 6, cells growing in media containing 2.5 mM or greater P concentrations had acquired greater amounts of P when compared to the other P treatments; a difference that was also evident on day 9.
To relate changes in media P concentration to P acquisition, P uptake rates were calculated for each treatment and time interval based on changes in cell P contents over time ( Figure 5 ). Over the first interval, days 0 to 3, there were no differences in P uptake rate. Highest P uptake rates occurred over the interval from days 3 to 6 as P uptake rate increased significantly for cells provided 2.5, 5.0, and 10.0 mM P when compared with the other P treatments. The P uptake rate declined by the day 6 to 9 interval for cells provided 5 and 10 mM P as media P concentrations began to limit P uptake of cells in these treatments.
P-Transporter steady-state transcript levels
The P uptake potential in alfalfa cells was assayed in Experiment 2 by determining steady-state transcript levels for a high-affinity P-transporter using the MsPT1 clone (supplementary data on the website) as a probe. Northern blot analysis (Figure 6) revealed generally enhanced transcript level for this P-transporter in cells grown in P-deficient media. Cells provided 0 or 0.25 mM P in the media had high transcript levels throughout the study.
There was a significant increase in cell P uptake rate between days 3 and 6 for cells grown in 5 or 10 mM P media, and steady-state transcript levels for the high-affinity P-transporter declined markedly within 1 day of cell transfer. However, there was no increase in P uptake in cells grown in media containing low (0 or 0.25 mM P) P concentrations, and, under these conditions, transcript levels for the P-transporter remained high. Several experiments have studied the role of high-affinity P-transporters in plant P uptake. Malboobi and Lefebvre (1995) and Leggewie et al. (1997) both reported higher transcript levels for the high-affinity P-transporter under conditions of P deprivation. Muchhal and Raghothama (1999) reported that the expression of the P-transporter, LePT1, in tomato was altered by P availability of the growth medium. Under P deficiency, mRNA of the LePT1 gene accumulated in tomato roots to a much greater degree than in the roots of P-sufficient plants. Both transcripts of MtPT1 and MtPT4 genes from Medicago truncatula were abundant in roots provided minus-P nutrient (Burleigh and Harrison, 1998; Chiou et al., 2001) . Transfer of plants to P-deficient media induced transcript accumulation within 24 h, confirming what we observed for these alfalfa cells that there is close coordination of P deficiency and steadystate transcript levels for this gene.
Conclusion
Phosphate-induced changes in transcript abundance for a putative high-affinity P-transporter in cultured alfalfa cells were similar to whole-plant responses reported previously. Rapid and extensive changes in cell P concentrations resulted from altered media P levels, and these interacted with cell metabolism resulting in significant changes in cell carbon and nitrogen pools during cell development. . Phosphorus uptake rate of cultured alfalfa cells grown for 9 days in media containing different P concentrations. Cells were grown in B5g media containing 0, 0.1, 0.5, 2.5, 5.0 and 10.0 mM P for 0, 3, 6 and 9 days. Uptake rates were calculated as the difference in cell P mass (Figure 4c ) for the three intervals shown. Data are means of three replicates. The least significant difference (LSD) is provided at 5% level of probability (Experiment 1). Figure 6 . Steady-state transcript levels for the alfalfa high-affinity P-transporter (MsPT1) as influenced by days in culture at various media P concentrations. Total RNA (20 lg/lane) was isolated from suspension cells grown in B5g media containing 0, 0.25, 5.0, and 10.0 mM KH 2 PO 4 for 0, 1, 3, 6 and 9 days (Experiment 2).
Cultured alfalfa cells provide a useful system for studying interactions among P, C, and N metabolism in this species. Additional studies with soil-grown alfalfa are underway to confirm the impact of P nutrition on transcript levels for P-transporters, and how P availability influences C and N metabolism at the organ and whole-plant level.
